quasi-uniform spin modes, in contrast, are more "internal" to their respective textures and were not appreciably affected by roughness because they did not exhibit energy densities highly localized at the surface, as shown in fig. S8 (8) .
The direct correlation of spin dynamics with complementary information in the magnetization hysteresis curves typically has been an experimental challenge; most techniques yield high-quality, interpretable observations of one or the other. Thin-film polycrystalline permalloy provides another dramatic example of the capability of TMRS to report both on the equilibrium landscape and on the nonequilibrium response. Averaged torque spectra of the vortex gyrotropic mode in a 15-nm-thick, 2-mm-diameter permalloy disk [deposited onto a torque sensor, as described in (28) ] are shown in Fig. 4C . The drop-outs of the resonance signal correlated with plateaux of reduced differential susceptibility and correspond to applied field ranges where the vortex core is strongly pinned by grain boundary-dominated magnetic disorder (29, 30) . Between these regions, the core could be driven to large amplitude gyration, generating strong resonance signals (31) .
TMRS provides excellent coupling to small specimens, resulting in high spin sensitivities (8) . The simplicity of the technique is owed to the recent development of multi-ultrahigh frequency lock-in instrumentation (10) and to the natural compatibility of RF transmission line actuators (8) with on-chip nanomechanical torque sensors. Straightforward processing to integrate samples onto sensors (28, 32 ) opens TMRS to a wide variety of materials. The approach is fully broadband, is massively scalable through microfabrication, and has intriguing potential for lowfrequency work where induction signals become very small, per Faraday's law. The amplitude of the TMRS torque is frequency-independent.
In addition to the capabilities of simultaneous monitoring of equilibrium net magnetization, detection of the transverse RF moment in TMRS opens the door to porting methods of pulse magnetic resonance to torque-detection platforms. Torque spectroscopy will find utility as a vehicle to explore phenomena in emerging spin-mechanical physics (33, 34) . Broadband TMRS forms a foundation for nanomagnetism lab-on-a-chip applications for highly sensitive, noninvasive, and rapid prototyping of individual mesoscopic elements, and it presents another functional method to create and read out dynamic spin-based devices. 
GAMMA-RAY ASTRONOMY
An extremely bright gamma-ray pulsar in the Large Magellanic Cloud
The Fermi LAT Collaboration* † Pulsars are rapidly spinning, highly magnetized neutron stars, created in the gravitational collapse of massive stars. We report the detection of pulsed giga-electron volt gamma rays from the young pulsar PSR J0540-6919 in the Large Magellanic Cloud, a satellite galaxy of the Milky Way. This is the first gamma-ray pulsar detected in another galaxy. It has the most luminous pulsed gamma-ray emission yet observed, exceeding the Crab pulsar's by a factor of 20. PSR J0540-6919 presents an extreme test case for understanding the structure and evolution of neutron star magnetospheres.
T he first pulsar was discovered in 1967 as a puzzling celestial source of periodic radio pulses. Nearly 2500 pulsars have since been detected, mostly in the Milky Way but also in other nearby galaxies, and their characteristic pulsed emission has been observed across the electromagnetic spectrum. The energy source for emission from pulsars is the rotation of a magnetized neutron star. The mechanism is radiation by particles accelerated by intense electric fields in the neutron star magnetosphere. The pulsar spins with period P, and the observed rate at which it slows down, dP dt ¼ P
:
, sets the scale of the power reservoir for particle acceleration and emission processes. Spin-down power is E : ¼ 4p 2 IP : =P 3 , where I denotes the neutron star moment of inertia, taken to be 10 45 g cm 2 (1), which roughly corresponds to a solid sphere of 10 km radius and the mass of the Sun. The Large Area Telescope (LAT), an imaging instrument on the Fermi satellite sensitive to gamma rays with energies of 20 MeV to 300 GeV (2), has detected gamma-ray pulsations from more than 160 pulsars (3, 4) . Gamma-ray pulsars have E : > 10 33 erg s -1 , and a large fraction (>30% in many cases) of their spin-down power is converted into gamma-ray luminosity L g . In contrast, radio emission represents a negligible fraction of the total energy output (3). Gamma-ray observations thus probe the sites and processes of particle acceleration and radiation in pulsars. Candidate emission regions range across the magnetosphere out to the "light cylinder," where corotation with the neutron star would reach the speed of light (5) (6) (7) . In these regions, curvature or synchrotron radiation from accelerated electrons initiates electromagnetic cascades by interacting with the strong magnetic field or with ambient photons; the electron-positron pairs produced are accelerated and radiate in turn, giving rise to further pairs. Emission may also originate in the pulsar's plasma wind, beyond the light cylinder (8) .
Discriminating between emission scenarios requires spectra and light curves in various wavebands for pulsars with different ages, magnetic field strengths, and viewing geometries. Few pulsars younger than several thousand years are known. The pulsar in the Crab supernova remnant is the best studied and was the most powerful known in pulsed gamma rays (9) . The Crab pulsar has E :
. Only one known pulsar has a larger spin-down power-PSR J0537-6910, with E :
-whereas PSR J0540-6919, only 16 arc min away, has the third highest, E :
. Both of the latter are located in the Large Magellanic Cloud (LMC), a satellite galaxy of the Milky Way at a distance d~50 kpc (10) . PSR J0537-6910 is a 16-ms pulsar associated with the~5000-year-old supernova remnant LHA 120-N 157B (11, 12) , whereas PSR J0540-6919 is a 50-ms pulsar associated with thẽ 1140-year-old supernova remnant SNR 0540-69.3 (13) (14) (15) . Although these two pulsars are of comparable age and energetics, their gamma-ray behavior appears to be markedly different. This paper reports the detection of gamma-ray pulsations from PSR J0540-6919 and an upper limit on gamma-ray pulsations from PSR J0537-6910.
Fermi-LAT predominantly operates in all-sky survey mode; hence, the LMC has been observed regularly since launch. Gamma-ray emission from the LMC is particularly prominent near the Tarantula nebula (30 Doradus) (16), a very active star-forming region that hosts extremely massive stars (17, 18) . PSR J0537-6910 and PSR J0540-6919 lie in this area, but until now, neither could be identified as discrete gamma-ray sources. Now, more than six times more data are available as compared with the earlier Fermi-LAT study (16) , and the recent revision of LAT event reconstruction, called Pass 8, substantially enhanced the sensitivity of LAT data analyses (19) . We thus revisited the gamma-ray emission from the LMC, and the 30 Doradus region in particular.
We analyzed Pass 8 events from 75 months of Fermi-LAT all-sky survey observations (20) . The gamma-ray emission from the LMC is shown in Fig. 1 , after subtracting fitted models of the Galactic foreground emission, an isotropic background, and pointlike sources outside the LMC. The improved angular resolution with increasing gammaray energy makes two pointlike sources coincident with the pulsars stand out above 2 GeV.
The source coincident with PSR J0540-6919 is detected with a statistical significance of 17s. Its photon spectrum is well described by a power law with exponential cutoff, which is typical of gamma-ray pulsars (3). To search for pulsations, we built a rotation ephemeris using Rossi X-ray Timing Explorer (RXTE) (21) observations recorded between modified Julian day 54602 (16 May 2008) and 55898 (3 December 2011), shortly before the end of the RXTE mission (table S1). We phasefolded the gamma-ray data from the first 3.5 years of the Fermi mission corresponding to the ephemeris. We used the LMC emission model to assign each photon the probability that it originated from PSR J0540-6919, on the basis of reconstructed positions and energies and the instrument response functions (22) . The probability-weighted E > 100 MeV gamma-ray pulse profile for probabilities >0.1 is shown in Fig. 2 . The weighted H test parameter (22, 23) is 63.5, corresponding to a significance of 6.8s, making this the first extragalactic gamma-ray pulsar.
Time-averaged gamma-ray emission from the source coincident with PSR J0537-6910 is detected with significance 11s. Its spectrum is consistent with a simple power law with photon index 2.1 ± 0.1 extending to >50 GeV without evidence for a cutoff. A weighted phase-fold of the LAT databased on an RXTE ephemeris limited any pulsed emission to significance <1s (table S2). The 95% confidence level upper limit on the 0.1 to 10 GeV pulsed luminosity for this pulsar is 1.9 × 10 35 erg s -1 . This and the lack of a spectral cutoff suggest that strongly pulsed emission is at most a small fraction of the total signal from the source. The gamma-ray signal may instead result from the superposition of weakly modulated pulsar emission and radiation from the pulsar wind nebula and the supernova remnant, in unknown proportions.
The x-ray pulse profile for PSR J0540-6919 is also shown in Fig. 2 , obtained by integrating all the RXTE data used to build the timing solution. The profile matches previous results (24) . We evaluated the optical light curve using the RXTE ephemeris to fold data from the Iqueye photometer mounted on the European Southern Observatory 3.6-m New Technology Telescope (NTT) in January and December 2009 (25) . We also show a radio profile formed from the sum of 18 bright giant pulses recorded at the Parkes telescope at 1.4 GHz in August 2003 (26) . Emission components from radio to gamma rays are aligned, but the shape of the pulse varies over the different bands. The radio profile exhibits two narrow peaks separated by D~0.25 in pulse phase. This double-peak pattern is still visible on top of a broader component in the optical profile. Structures in the x-ray and perhaps gamma-ray profiles are reminiscent of the double radio peaks separated by D~0.25, but both profiles are consistent with a single bump spanning the interval between the radio peaks. In outer-magnetosphere models, the pulse peak profiles are sensitive to the magnetic geometry. In the classical vacuum "outer gap" model (5), pulse separations as small as D = 0.25 occur for high-E : , narrow-gap pulsars when the spin-axis viewing angle z is >80°and the magnetic inclination a is <30° (27) . Models with partly resistive magnetospheres and emission extending beyond the light cylinder point to z ≈ 60°and a ≈ 30°, but differing resistivity prescriptions may allow larger z (7). For such geometry, the low-altitude classical radio emission would not be observable, leaving only the highaltitude giant pulse component.
The signal above the background estimate in Fig. 2 suggests a steady component of the gammaray emission from the direction of PSR J0540-6919. Likelihood analysis of the data in the off-pulse phase interval 0.3 to 0.8 shows a significant (~5s) point source at the position of PSR J0540-6919. The spectrum is consistent with that of the full phase interval but may be almost as well described by a single power law ( fig. S1 ). We cannot currently distinguish whether this represents an unpulsed magnetospheric component, emission from the associated pulsar wind nebula LHA 120-N 158A or from the surrounding supernova remnant SNR 0540-69.3, or residual emission from the LMC itself. Comparing with the flux in the on-pulse phase interval, we estimate that the pulsed component is ≈75% of the total. The choice of the off-pulse phase interval, hence the unpulsed flux estimate, is conservative because it clearly includes pulsed optical and x-ray emission (Fig. 2) .
The phase-averaged spectrum of PSR J0540-6919 is shown in Fig. 3 . The photon spectrum is well described by a power law with photon index 2.2 ± 0.1 and exponential cutoff at E cut = 7.5 ± 2.6 GeV. This photon index follows the trend of increasing index with E : described in (3). This correlation can be explained by stronger pair formation activity in high-E : pulsars, reprocessing the radiation to lower energies and leading to steep radiating particle spectra. PSR J0540-6919 has the second largest magnetic field at the light cylinder of any gamma-ray pulsar known, after the Crab pulsar, with B LC ¼ 4p 2 ðIP : , where h = (2.6 ± 0.3) × 10
erg cm -2 s -1 is the energy flux, and the geometrydependent beaming correction factor is f W~1 for young pulsars with the most probable viewing angle of~90° (27) , which is consistent with the geometrical setting derived above. As stated above, ≈75% of the total luminosity is pulsed and may be safely attributed to the pulsar, 5.7 × 10 36 erg s -1 . The systematic uncertainties in the spectrum and luminosity of the source due to the complete LMC emission model were found to be smaller than the statistical uncertainties (28) . And whereas other pulsars' luminosities can be severely affected by distance uncertainties (for example, 25% for the Crab pulsar), for PSR J0540-6919, the distance to the LMC is known to 2% accuracy (10) .
PSR J0540-6919 is often called the "Crab's twin" because they have similar magnetic field strengths, rotation rates, and ages, so a comparison is in order. The Crab pulse profile has two peaks, phase-aligned from the radio to the gammaray band, whereas PSR J0540-6919 has a broad gamma-ray pulse straddling the phase-range of the two narrow radio peaks, with structures in SCIENCE sciencemag.org 13 (26, 39) . Extinction-corrected phase-averaged near-infrared and optical fluxes are from (40, 41) . X-ray fluxes are from (24) , including pulsed RXTE data and total spectra for the pulsar and its nebula from Swift and INTEGRAL. Tera-electron volt upper limit is from (33) . The LAT data points correspond to the phaseaveraged emission, which includes an estimated 25% of unpulsed emission. Crab pulsar phase-averaged data rescaled to a 50 kpc distance are shown for comparison in light gray (9) . (Inset) LATdata fit to a power law with an exponential cutoff.
the optical and x-ray reminiscent of the radio peaks. The similarity in their radio behavior is particularly meaningful because for both pulsars, the radio emission is dominated by so-called "giant pulses," sporadic radio bursts with submicrosecond durations and fluxes with a power-law distribution extending to >10 3 times the average value (29) . In (26) , it is suggested that the colocation of the giant pulses with high-energy emission occurs in pulsars with high magnetic fields at the light cylinder and very robust and extensive outer-magnetosphere pair production. Before this work, only six other pulsars showed giant pulse emission associated with strong optical, x-ray, or gamma-ray components (30) . The discovery of gamma-ray emission from PSR J0540-6919 provides a new look at these rare sources.
PSR J0540-6919 and the Crab also share many spectral similarities, as illustrated in the radioto-gamma ray spectral energy distribution (Fig.  3) . With large powers in both pulsed x-rays and gamma rays and the absence of a strong highenergy cutoff, PSR J0540-6919 is similar to the Crab and unlike most middle-aged pulsars, where giga-electron volt gamma-ray power dominates. Both characteristics may originate from the higher pair densities that allow synchrotron self-Compton emission to dominate and produce higher-energy pulsations. It remains to be seen whether PSR J0540-6919 follows the Crab in exhibiting a highenergy tail of pulsed emission, extending far above E cut and likely attributable to inverse Compton scattering (31, 32) . The source is currently undetected in tera-electron volt gamma rays (33) but may be in reach of future instruments, such as the Cherenkov Telescope Array.
Yet whereas the radio, optical, and x-ray luminosities of PSR J0540-6919 and the Crab are within a factor of~2, PSR J0540-6919 is much brighter in gamma rays. Its isotropic pulsed gammaray luminosity is~20 times more than the Crab pulsar's, L g = 3. The contrast with PSR J0537-6910 is even more striking: It has more than three times greater spin-down power, but its pulsed gamma-ray luminosity may be at least 30 times less than that of PSR J0540-6919. This confirms that L g values can vary by more than an order of magnitude for a given E : range (3). Misestimated distances and deviations from f W = 1 can account for only part of this difference. The magnetic inclination may play a considerable role, beyond its effect on the beaming (35, 36) .
As mentioned above, the pulse profile of PSR J0540-6919 suggests a high viewing angle of z > 80°and a low magnetic inclination of a < 30°. Fits to Chandra observations of the pulsar wind nebulae shapes of PSR J0540-6919 and PSR J0537-6910 indicate that both pulsars have similar viewing angles of z~90° (37) . In such conditions, the nondetection of radio emission from PSR J0537-6910 implies either a high magnetic inclination and a radio luminosity at most half that of PSR J0540-6919, or a misaligned radio beam, hence a low magnetic inclination similar to PSR J0540-6919 (38) . The former case would confirm the role of the magnetic inclination in the observed dispersion of L g ; the latter case would mean that the large difference in pulsed luminosity between both pulsars does not stem from different geometries. Alternatively, the nondetection of pulsations from PSR J0537-6910 may imply a weakly modulated gamma-ray light curve. The "outer gap" model predicts such flat pulse profiles for z = 90°, a = 15°, and a narrow gap (27) , a geometry quite similar to that inferred for PSR J0540-6919. Very similar ages, energetics, and geometries for PSR J0540-6919 and PSR J0537-6910 would therefore result in remarkable emission differences.
Our gamma-ray measurements of PSR J0540-6919 and PSR J0537-6910 offer a new look at the high-altitude accelerators in the magnetospheres of rare very young pulsars. They also have profound implications for our understanding of the high-energy emission from the LMC: ≈60% of the GeV flux density previously attributed to the 30 Doradus nebula (16) is now seen to be emission from PSR J0540-6919. With an additional ≈25% attributable to the source coincident with PSR J0537-6910, only a small fraction of the signal may originate in cosmic rays in 30 Doradus. This calls for further investigation of the relation between star-forming regions and the origin and transport of cosmic rays.
